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Bacteria in the phylum Acidobacteria are widely distributed and abundant in soils, but their ecological roles
are poorly understood, owing in part to a paucity of cultured representatives. In a molecular survey of
acidobacterial diversity at the Michigan State University Kellogg Biological Station Long-Term Ecological
Research site, 27% of acidobacterial 16S rRNA gene clones in a never-tilled, successional plant community
belonged to subdivision 1, whose relative abundance varied inversely with soil pH. Strains of subdivision 1 were
isolated from these never-tilled soils using low-nutrient medium incubated for 3 to 4 weeks under elevated
levels of carbon dioxide, which resulted in a slightly acidified medium that matched the pH optima of the
strains (between 5 and 6). Colonies were approximately 1 mm in diameter and either white or pink, the latter
due to a carotenoid(s) that was synthesized preferentially under 20% instead of 2% oxygen. Strains were
gram-negative, aerobic, chemo-organotrophic, nonmotile rods that produced an extracellular matrix. All
strains contained either one or two copies of the 16S rRNA encoding gene, which along with a relatively slow
doubling time (10 to 15 h at ca. 23°C) is suggestive of an oligotrophic lifestyle. Six of the strains are sufficiently
similar to one another, but distinct from previously named Acidobacteria, to warrant creation of a new genus,
Terriglobus, with Terriglobus roseus defined as the type species. The physiological and nutritional characteristics

of Terriglobus are consistent with its potential widespread distribution in soil.

Soils typically contain 10° to 10'° microorganisms per gram
(dry weight), which may represent more than a million bacte-
rial species (21). However, characterization of the small frac-
tion of microbes that has been cultivated provides only a
glimpse of their potential physiological capacity and influence
on soil ecosystems. The absence of pure cultures or genome
sequences makes it difficult to ascertain the roles of specific
microbes in soil environments: this is particularly true for bac-
teria in the phylum Acidobacteria, which are broadly distrib-
uted in soils but poorly represented in culture.

The phylum Acidobacteria is defined by a large collection of
16S rRNA gene sequences (>1,500 in the Ribosome Database
Project) (10) retrieved from diverse environments including
soils and sediments (3, 17), soil crusts of sand dunes (69),
wastewater (13, 41), water distribution systems (49), peat bogs
(15), acid mine drainage (33), hot springs (26), shallow sub-
marine hydrothermal vents (67), and the surfaces of Paleolithic
cave paintings and catacombs (62-64, 75, 76). In situ hybrid-
ization with Acidobacteria-specific probes has also confirmed
the presence of intact acidobacteria in many environments and
revealed multiple cellular morphotypes, including cocci, short
rods, and thin filaments (46).

Acidobacterium capsulatum was the first described member
of the phylum Acidobacteria. It was among eight strains iso-
lated from acidic mine drainage and acidic muds in the early
1990s (33, 34). This was the first report of the isolation of
acidophilic, heterotrophic bacteria other than Acidiphilium

* Corresponding author. Mailing address: Michigan State University,
Department of Microbiology and Molecular Genetics, 6180 Biomedical
and Physical Sciences Building, East Lansing, MI 48824-4320. Phone:
(517) 355-6463, ext. 1606. Fax: (517) 353-8957. E-mail: tschmidt@msu
.edu.

¥ Published ahead of print on 9 February 2007.

2708

from an acidic mineral environment (33). By the mid-1990s,
the growing collection of rRNA gene sequences from molec-
ular surveys of diverse environments resulted in the recogni-
tion of A. capsulatum as a member of a large, deeply branching,
monophyletic lineage within the Bacteria (25). The phylum
Acidobacteria was named after the only validly described spe-
cies at the time (46).

Shortly after the characterization of A. capsulatum, Holo-
phaga foetida was isolated and described as a novel, homoace-
togenic bacterium capable of degrading methoxylated aromatic
compounds (43). Based in part on the 81.6% divergence in the
16S rRNA gene sequences of these two cultivars, the phylum
was sometimes referred to as Holophaga/Acidobacterium. Geo-
thrix fermentans, a strain capable of Fe(III) reduction, was later
placed in the Holophaga/Acidobacterium phylum based on the
similarity of its 16S rRNA gene sequence to that of H. foetida
(ca. 94%) (9).

The phylum Acidobacteria is now officially recognized in
Bergey’s Manual of Systematic Bacteriology (22) and includes
three genera with cultured representatives: Acidobacterium
(33), Geothrix (9), and Holophaga (43). The genus Solibacter
was recently proposed as the fourth genus in this phylum (http:
/fjgi.doe.gov). There are currently eight recognized monophy-
letic subdivisions within this phylum (28) that encompasses the
molecular diversity first recognized as Acidobacteria (38) and
additional unnamed and mostly uncharacterized cultivars in
subdivisions 1, 2, 3, and 4 (14, 29-31, 60, 61, 70). A recent
survey of 23S rRNA genes in microbial communities associ-
ated with Paleolithic paintings uncovered additional acidobac-
teria, expanding the number of subdivisions to as many as
eleven (76).

Acidobacteria are oftentimes the most abundant bacteria
represented in molecular surveys of soil environments: as many
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as half of all clones from Arizona soil samples clustered in the
phylum Acidobacteria (16), as did more than 40% of PCR-
amplified and cloned rRNA-encoding genes in soils of alpine
ecosystems (44). In a comprehensive review of acidobacterial
abundance in soil communities (29), acidobacteria averaged
ca. 20% of the total bacterial community. The breadth of
divergence of 16S rRNA gene sequences in the phylum Ac-
idobacteria (ca. 77% based on >1,000 nearly full-length se-
quences [this study]) is similar to that within the metabolically
diverse phylum Proteobacteria (28), suggesting the capacity for
extensive metabolic diversity. Although the metabolic poten-
tial of acidobacteria is poorly described, their abundance sug-
gests a major impact on nutrient cycling in soil environments.

To learn more about the metabolic properties and potential
ecological roles of members of this poorly explored phylum, we
sought to cultivate and characterize new strains from terrestrial
habitats. By using incubation conditions and media designed to
mimic natural environments, eight strains of the phylum Ac-
idobacteria were isolated from soil as well as from the hindguts
of soil-dwelling termites. These strains were characterized,
with an emphasis on properties that may bear on their ecolog-
ical roles in soil. Results from the physiological and phyloge-
netic characterization warrant creation of a new genus, Terri-
globus.

MATERIALS AND METHODS

Phylogenetic survey and isolation of strains. Soil samples were collected
between August 2001 and August 2005 from the Michigan State University W. K.
Kellogg Biological Station Long-Term Ecological Research (KBS LTER) site.
The KBS LTER is a 48-hectare research site established in 1989 to study eco-
logical processes in agroecosystems. The dominant soil types are of the Kalama-
zoo (fine-loamy, mixed, mesic Typic Hapludalfs) and Oshtemo (coarse-loamy,
mixed, mesic Typic Hapludalfs) series. A detailed description of this site can be
accessed at http://www.kbs.msu.edu.

For the survey of acidobacterial diversity, soil cores (2.5-cm diameter by 20-cm
depth, divided into 0 to 7 cm and 13 to 20 cm) were collected from four different
treatments at the KBS LTER: treatment 1 is managed as a conventional agri-
culture site with a rotation of corn, soybean, and wheat; treatment 7 is a succes-
sional plant community on historically tilled soil (tillage was abandoned after
spring plowing in 1989); treatment 8 (T8) is a successional plant community on
never-tilled soil; and the fourth treatment is a native deciduous forest. Five soil
cores per plot were pooled and homogenized using a 2-mm-pore-size sieve;
portions of the sieved soil were used to determine soil pH and soil moisture (58),
and the remaining soil was frozen immediately in liquid nitrogen and stored at
—80°C until use. DNA was extracted from soil samples using an UltraClean
Fecal DNA MoBio DNA Extraction Kit (MoBio, Carlsbad, CA). The 16S rRNA
genes were amplified from the DNA using PCR with an Acidobacteria-specific
forward primer (ACD31F, 5'-GATCCTGGCTCAGAATC-3") (3) and a broadly
inclusive bacterial reverse primer (1492R, 5'-GGTTACCTTGTTACGACTT-3")
(39, 40). Each 25-pul PCR mixture contained 1X PCR buffer, 1 mM MgCl,, a 0.03
mM concentration of each deoxynucleoside triphosphate, a 0.2 uM concentra-
tion of each primer, and 5 U of Tag DNA polymerase (Invitrogen, Carlsbad,
CA). Thermal cycling consisted of the following steps: 95°C for 3 min, followed
by 30 cycles of 95°C for 30 s, 56°C for 30 s, 72°C for 45 s, and a final step at 72°C
for 10 min. Genomic DNA purified from A. capsulatum (ATCC 51196) was used
as a positive control. PCR products were electrophoresed through a 1% agarose
gel in 0.5X Tris-borate-EDTA buffer and visualized with GelStar Nucleic Acid
Stain (BioWhittaker Molecular Applications, Rockland, MA).

PCR products were cloned with an Invitrogen TOPO TA Cloning Kit for
Sequencing (Invitrogen, Carlsbad, CA), and the inserts were reamplified using
the primers modified-M13F (F2; 5'-CAGTCACGACGTTGTAAAACGACGG
C-3') and modifed-M13R (F4; 5'-CAGGAAACAGCTATGACCATG-3') (32)
under the PCR conditions described above. The PCR products for sequencing
were treated with ExoSAP-IT (USB, Cleveland, OH) using a modification of the
manufacturer’s protocol (ExoSAP enzyme was diluted 1:8, and the reaction
mixture was incubated at 37°C for 30 min, followed by incubation at 80°C for 15
min) and submitted for sequencing with primer 531R (5'-TACCGCGGCTGCT
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GGCAC-3'). Sequencing was performed at the Michigan State University Re-
search Technology Support Facility (http:/genomics.msu.edu). Sequences were
aligned with other sequences downloaded from the GenBank database using an
integrated aligner (ARB Software) (47) as well as manual corrections based on
secondary structure models of the 16S rRNA gene.

For isolation attempts, five cores (2.5-cm diameter by 10-cm depth) from the
never-tilled, successional treatment (T8) were collected and homogenized with a
sterile spatula in a 500-ml beaker under a hypoxic atmosphere ([vol/vol] 2% O,,
5% CO,, 93% N,) within a flexible vinyl chamber fitted with an oxygen sensor/
controller (Coy Laboratory Products, Grass Lake, MI). Portions of the homog-
enized soil were used to determine soil moisture (58). Approximately 30 g of soil
was added to 100 ml of a phosphate-buffered salts solution (137 mM NaCl, 2.7
mM KCI, 10 mM Na,HPO,, and 2 mM KH,PO,); pH was adjusted to 7.0, and
the solution was supplemented with 2.24 mM Na,P,O, - 10H,O as a dispersal
agent and dithiothreitol (1 mM) as a reducing agent (73). The soil suspension
was stirred vigorously with a magnetic stir bar for 30 min. Denser soil aggregates
were then allowed to settle for 30 min, after which an aliquot of the supernatant
fraction was used for total direct cell counts after staining with 5-(4,6-dichloro-
triazine-2-yl) aminofluorescein (4). Another aliquot was used to prepare 10-fold
serial dilutions in the same buffer for subsequent inoculation of the isolation
medium consisting of vitamins (excluding thiamine), inorganic salts, and trace
elements, as described previously (70); hereafter, this composition will be re-
ferred to as vitamins and salts base (VSB; numbers in VSB designations indicate
pH values). VSB was buffered to a pH 7.0 (VSB-7) with 10 mM HEPES for
isolation attempts and amended with one or more of the following additives
(prepared in distilled water unless otherwise noted): the humic acid analog
anthraquinone-2,6-disulfonic acid disodium salt (AQDS; final concentration, 25
mM) as a potential electron acceptor; a mixture of N-acylhomoserine lactones
prepared in ethyl-acetate acidified with 0.1% (vol/vol) acetic acid at a final
concentration in the medium of 1 uM (each) N-(butyryl, heptanoyl, hexanoyl,
B-ketocaproyl, octanoyl, and tetradecanoyl)-pL-homoserine lactones (Sigma-Al-
drich Co., St. Louis, MO) as possible growth-promoting signals; catalase, added
directly to plates at a concentration of 65 U/ml or to cooled, molten agar just
prior to pouring plates at 130 U/ml to protect cells from peroxides; and a mixture
of yeast extract, Bacto protease peptone 3, casamino acids, and dextrose at 0.05
g/liter each. Cultivation conditions for samples from the hindguts of soil-dwelling
termites, Reticulitermes flavipes, have been described previously (70).

Plates were incubated for 20 to 30 days at 12°C or 23°C under one of the
following atmospheres: CO,-enriched hypoxia ([vol/vol] 2% O,, 5% CO,, and N,
for the balance); CO,-enriched air ([vol/vol] 95% air, 5% CO,), or air. Plates
were screened for the presence of acidobacteria using plate wash PCR (70). A
chi-square test was used to assess the significance of treatments on the frequency
with which acidobacteria colonies were detected on the plates. Analysis of vari-
ance (ANOVA) was used to assess the significance of any treatments on the total
number of colonies formed.

Optimization of growth rate. VSB was amended with a mixture of organic
compounds (yeast extract, protease peptone, casamino acids, and glucose at a
concentration of 0.15 g/liter each) to assess capacity for growth under a range of
conditions. This complex medium (designated VSM; numbers in VSM designa-
tions indicate pH values) was used to determine the effect of pH on growth rate.
Strains were grown at room temperature (23°C) between pH 2.0 and 7.5 at
intervals of 0.5 pH units: morpholineethanesulfonic acid was used to buffer at pH
ranges between 5.0 to 6.0, 4-morpholinepropanesulfonic acid was used at pH
ranges between 6.5 to 7.5, and citric acid was used as a buffer below pH 5.0, all
at a final concentration of 10 mM. Culture tubes (Bellco catalog no. 2048-18150)
containing 5 to 10 ml of medium were stoppered under an air atmosphere and
held on a reciprocating shaker operating at ca. 190 strokes/min to disrupt cellular
flocs. Optical density at 600 nm was monitored periodically with a Thermo
Spectronic model 20D+ spectrophotometer. Inocula consisted of a 1:100 dilu-
tion of cultures in mid- or late-log-phase growth (ca. 1 X 10® cells/ml) in R2B
medium, which is a complex medium containing yeast extract, amino acids,
peptone, carbohydrates, pyruvate, and inorganic salts (56). After the optimal pH
for growth was identified, the range of growth-permissive temperatures was
determined by assessing the growth rate at 4°C, 12°C, 23°C, or 37°C in VSM at
a pH of 6 (VSM-6) for all strains except KBS 89, which was grown in VSM-5.

To determine if the growth rate was influenced by the elevated concentration
of carbon dioxide used during isolation, strains were grown on VSM-6 in tripli-
cate culture tubes and were incubated with either 0.05% CO, (vol/vol) or 5%
CO, (vol/vol) with air. Sodium bicarbonate (7 mM) was used as an additional
buffer under elevated levels of carbon dioxide. To control for the possible
influence of an increased concentration of sodium when sodium bicarbonate was
added, growth was also monitored in a medium containing 7 mM sodium chlo-
ride without a CO,-enriched atmosphere. ANOVA was used to assess if culture
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FIG. 1. Composition of acidobacterial communities in soil based on
16S rRNA gene surveys. (A) Percent abundance of Acidobacteria subdi-
vision 1 out of the total acidobacterial community at various soil pH
values. Data from the KBS LTER are depicted as gray boxes, whereas
data from published soil surveys are depicted as black boxes. If a range in
pH was given in these studies, the average of that range was used for this
analysis. The equation of the line isy = —13.1x + 103 with an R? value of
0.38 and a P value of <0.004. (B) Average percent abundance of Ac-
idobacteria subdivisions 1, 3, 4, 5, and 6 (subdivisions are indicated next to
each pie wedge) from replicate plots of the never-tilled, successional
community with herbaceous plants at the KBS LTER, depth of 0 to 7 cm.

conditions resulted in significant differences in growth rates (SAS System, ver-
sion 8e; SAS Institute Inc., Cary, NC).

Colony and cell morphology. Bacterial colonies on plates of R2A medium
(BD, Franklin Lakes, NJ) were examined under a Nikon SMZ-2T dissecting
microscope at a magnification of X10 to X15 for size, pigmentation, form,
elevation, and margin (68). Gram staining reactions were performed as described
previously (65). Gross cell morphology and motility were assessed by using
phase-contrast microscopy with a Zeiss Axioskop microscope (Carl Zeiss Inc.,
Thornwood, NY). Cell shape, length, and width were measured with the CME-
IAS image analysis software (45). Transmission and scanning and electron mi-
croscopy, including whole-cell negative staining (using 2% uranyl acetate in
water), were completed at the Michigan State University Center for Advanced
Microscopy (http://ceo.msu.edu).

Carbon source utilization. The ability of strains to use various organic com-
pounds for aerobic growth was tested in replicate 25-ml Erlenmeyer flasks con-
taining 5 ml of VSB-6 for all strains except KBS 89 (VSB-5), amended with the
following carbon sources at a final concentration of 10 mM (unless indicated
otherwise): D-glucose, D-fructose, D-galactose, b-mannose, D-ribose, D-xylose,
L-arabinose, b-mannitol, D-sorbitol, sucrose, bD-maltose, p-raffinose, p-cellobiose,
methyl cellulose (0.1% [vol/vol] final concentration), carboxymethyl cellulose
(0.1% [vol/vol] final concentration), sodium acetate, sodium pyruvate, sodium
formate, sodium succinate, a mixture of organic acids (sodium citrate, sodium
pyruvate, sodium fumarate, sodium pr-lactate, and malic acid; 0.02% each, final
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FIG. 2. Summary of cultivation experiments for total recovery of
colonies per gram of soil (dry weight) (A) and acidobacteria detection
(B). Panel A presents the average CFU recovery from soil * the
standard error; the number of times a particular treatment was em-
ployed (n) is listed at the base of each bar. Panel B shows the per-
centage of treatments (where n is the number of treatments) that
yielded a positive test for acidobacteria using plate wash PCR from the
plates of panel A. The asterisks indicate treatments that yielded a
significant difference (panel A, ANOVA « = 0.05; panel B, chi-square
goodness of fit, « = 0.10).

concentration), a mixture of purines and pyrimidines (adenine, guanine, thy-
mine, cytosine, and uracil; 10 pg/ml each final concentration), p-glucuronate,
D-galacturonate, D-gluconic acid, trimethoxybenzoate, syringate, ferulate, vanil-
late, sodium benzoate, resorcinol, and tannic acid (0.1% [vol/vol] final concen-
tration). Flasks were incubated at room temperature (ca. 23°C) and shaken on an
orbital shaker (ca. 190 rotations/min). A positive result was defined as visible
turbidity after incubation for ca. 14 days.

Strains were also tested for their ability to grow anaerobically by fermentation
of glucose, lysine, or ornithine (BBL Enterotube II, Sparks, MD) or by anaerobic
respiration with nitrate (10 mM), iron citrate (10 mM), or AQDS (8 mM) as the
electron acceptor with glucose (10 mM) as the sole carbon and energy source in
VSB-6 for all strains except KBS 89 (VSB-5) with the addition of 7 mM bicar-
bonate. The headspace gas for these tests was 85% nitrogen, 10% hydrogen, and
5% carbon dioxide, except for samples with nitrate, which had a headspace of
helium.

Carotenoid characterization. Replicate 50-ml cultures of the pigmented
strains in 250-ml side-arm flasks were grown in R2B medium to late log phase
under elevated carbon dioxide (5% carbon dioxide) and either 20% oxygen or
2% oxygen in the dark. Cultures were normalized to the same optical density at
600 nm, and then cells were harvested by centrifugation at 5,000 X g for 25 min.
The cell pellet was resuspended in a mixture of acetone:methanol (7:2, vol/vol),
incubated overnight at 4°C in the dark (18), and centrifuged to remove cell
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(a) (b)

debris, and the absorption spectra of the extracts were determined between 220
and 800 nm with a Perkin Elmer model Lambda 14 scanning UV-visible light
spectrometer. Carotenoids were redissolved in chloroform for comparison of
their spectra with previously characterized carotenoids (7).

16S rRNA gene phylogeny. Nearly full-length sequences of the 16S rRNA gene
(ca. 1,500 nucleotides) were generated. Briefly, the 16S rRNA gene was ampli-
fied using the Acidobacteria-specific forward primer ACD31F and the broadly
inclusive bacterial reverse primer 1492R under the conditions described above.
PCR products were cloned and prepared for sequencing as described above. Ten
sequencing primers were used to obtain an average coverage of 6X for the 16S
rRNA gene using the following primers: ACD31F, 1492R, 338F (5'-ACTCCTA
CGGGAGGCAGC-3"), 338R (5'-GCTGCCTCCCGTAGGAGT-3"), 531R,
810R (5'-GGCGTGGACTTCCAGGGTATCT-3"), 776F (5'-AGCAAACAGG
ATTAGATACCCTGG-3'), 1087F (5'-GGTTAAGTCCCGCAACGA-3'),
modified-M13F, and the modified-M13R. Each primer was used in duplicate
sequencing reactions. Sequences were assembled using DNA Star LaserGene
software (Madison, WI), aligned using ARB software (47), and compared to
acidobacterial 16S rRNA gene sequences downloaded from the GenBank data-
base. The phylogeny algorithms in ARB were used for the generation of the
phylogenetic trees; PAUP*, version 4.0b10, was used for bootstrapping analysis
(72).

Characterization of genomic DNA. The mole percent G+C content of
genomic DNA from strains KBS 63, KBS 89, TAA 43, and TAA 166 was
determined as described previously (51). Briefly, genomic DNA was extracted
using a QITAGEN Genomic DNA Extraction Kit (QIAGEN, Valencia, CA), and
approximately 5 pg of DNA was digested with P1 nuclease and alkaline phos-
phatase. The nucleosides were separated and quantified using a Shimadzu high-
pressure liquid chromatograph fitted with a UV detector and a VP series Alltima
C,g column (250 by 4.6 mm; particle size, 5 pm) (Alltech Associates, Inc.,
Deerfield, IL). Genomic DNA purified from A. capsulatum (ATCC 51196) was
used as a positive control.

The number of 16S rRNA-encoding genes was determined by nonradioactive
Southern hybridization after restriction endonuclease digestion of genomic
DNA, as described previously (35, 36) (http://rrndb.cme.msu.edu/rrndb/serviet
/controller), using a digoxigenin-labeled, Acidobacteria-specific 16S TRNA gene
probe targeting regions between residues 31 and 531 (Escherichia coli number-
ing). Genomic DNA purified from A. capsulatum was used as a positive control.
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FIG. 3. Electron micrographs of thin sections of strains TAA 43 (a), TAA 48 (b), TAA 166 (c), and KBS 63 (d) grown in R2A medium. Also shown
are a negatively stained cell of strain KBS 63 (e) and a scanning electron micrograph of strain KBS 89 (f). Bars, 500 nm (a to e) and 2 pm (f).
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Other physiological tests. Catalase and oxidase tests were performed using
standard methods (65, 68). E. coli strain REL 607, a derivative of E. coli B/r (42),
was used as a positive control for the catalase test and as a negative control for
the oxidase test. Pseudomonas aeruginosa ATCC 10145 was used as a positive
control for the oxidase test. Fatty acid profiles were generated and analyzed by
Microbial ID (Newark, DE; http://www.microbialid.com) after all strains, includ-
ing A. capsulatum, were grown on glucose-yeast extract medium adjusted to
within their optimal pH range.

Nucleotide sequence accession numbers. The 16S rRNA gene sequences of the
Acidobacteria strains described in this study have been deposited in the GenBank
database under accession numbers AY587227 through AY587230 and DQ660892
through DQ660895.

RESULTS AND DISCUSSION

Occurrence and isolation of acidobacteria. Acidobacteria
are abundant members of the microbial community in soils at
the KBS LTER; their rRNAs account for ca. 1 to 6% of the
total bacterial rRNA (8). The specific phylogenetic affiliations
of acidobacteria in these soils were determined from samples
collected during August 2005 from different management
treatments and soil depths at the KBS LTER. Partial se-
quences (ca. 500 nucleotides) of 50 cloned 16S rRNA genes
from each depth and treatment (total number of clones, 550)
revealed the presence of acidobacteria from subdivisions 1, 3,
4, 5, and 6. The relative abundance of clones of each subdivi-
sion varied with depth and treatment, suggesting that physical
and chemical properties of the soil influence the distribution of
the various subdivisions. In particular, the percentage of ac-
idobacteria in subdivision 1 correlated with soil pH, generally
increasing in mildly acidic soils (Fig. 1A, gray boxes). To de-
termine if the relationship between soil pH and the relative
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abundance of subdivision 1 acidobacteria was significant for
other terrestrial environments as well, previously published
sequences from a variety of soil environments (15, 23, 38, 44,
50, 53, 54, 59, 69) were analyzed. The combined data sets
reveal a significant correlation (P < 0.004) (Fig. 1A) between
pH and the percentage of acidobacteria that cluster within
subdivision 1. This result is consistent with a previously deter-
mined relationship revealing that as soil pH decreased, there
was an increased abundance of subdivision 1 acidobacteria in
relation to the total bacterial community (60).

The strains characterized in this study were isolated from
never-tilled soils (T8) with an average pH of 6.1 and a high
percentage of subdivision 1 acidobacteria (27%) (Fig. 1B). Media
and incubation conditions were designed to mimic the microen-
vironments thought to be experienced by microbes in these soils.
In particular, relatively low concentrations of organic carbon in
conjunction with extended incubation periods were used to ac-
commodate oligotrophic, slow-growing acidobacteria (35). The
concentrations of oxygen and carbon dioxide during incubation
were also manipulated to better simulate conditions in soil aggre-
gates. Although upland soils like those at the KBS LTER are
generally well aerated, they include pockets of anoxia within soil
aggregates and also include transition zones between oxic and
anoxic conditions (27, 66). Moreover, metabolism of heterotro-
phic microbes in soil leads to increased concentrations of carbon
dioxide (20), which has the potential to influence the pH of
microenvironments. Accordingly, hypoxic and CO,-enriched in-
cubation atmospheres were included, as was the incorporation of
catalase in the medium to minimize the damaging effects of hy-
drogen peroxide produced during aerobic respiration.

With the exception of decreased recoveries at lower tempera-
ture and in the presence of AQDS, the recovery of soil microor-
ganisms under the various conditions tested was between 3.5 X
107 and 5 X 10”7 CFU/gram of soil (dry weight), which was 2.5 to
6% of the direct cell count (Fig. 2A). Previous experiments with
three different types of solidifying agents (Bacto Agar, washed
Bacto agar in VSB-7, and agarose in distilled water) indicated a
decrease in total CFU recovery when samples were incubated
under oxic conditions as the purity of the solidifying agent in-
creased: agar, ca. 5.2 X 107 CFU/gram of soil (dry weight);
washed agar, ca. 4.4 X 107 CFU/gram of soil (dry weight); and
agarose, ca. 0.3 X 107 CFU/gram of soil (dry weight). Agar was
chosen as a solidifying agent to increase recovery of soil micro-
organisms, presumably increasing our chances of isolating mem-
bers of the phylum Acidobacteria. Across treatments used for
isolation, acidobacteria were detected more frequently under at-
mosphere(s) containing elevated levels of carbon dioxide (0.05<
P < 0.10) (Fig. 2B). This was apparently due to a mild acidifica-
tion of the medium under 5% carbon dioxide (plates incubated
under 5% CO, had a pH of ca. 6.5), which favored growth of
these acidobacteria (see below).

Although overall recoveries of bacteria here were similar to
results from other studies using low-nutrient concentrations
and extended incubation times (12, 14), the specific conditions
used in this study resulted in the isolation of several novel,
pink-pigmented strains of acidobacteria (strains KBS 62, KBS
63, KBS 68, and KBS 112). All were isolated from plates that
contained a mixture of organic carbon substrates and that were
incubated for 20 to 30 days under CO,-enriched air.

Previous isolation efforts with homogenized hindguts of the
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FIG. 4. (A) Strain KBS 63 grown on R2A medium under 20% and
2% oxygen (vol/vol) mixed with nitrogen and 5% CO, . (B) Absorption

spectra of strain KBS 63 cells extracted in acetone:methanol (7:2) after
growth in 20% (black line) and 2% (gray line) oxygen on R2B medium.

soil-dwelling termites R. flavipes, under similar cultivation con-
ditions, resulted in the isolation of three acidobacteria strains
(strains TAA 43, TAA 48, and TAA 166), which appeared to
be allocthonous contaminants from nearby soil (74a), and
strain KBS 89 from soils at the KBS LTER. These strains are
also characterized further in the current study.

Colonial and cell morphology and pigmentation. Colonies of
all acidobacteria were small, approximately 1 mm in diameter
(after a 7-day incubation, except for KBS 89 which took about
14 days), and had a circular form with a convex elevation and
entire margin when grown on VSM-6, VSM-5 (KBS 89), or
R2A medium. With the exception of KBS 89, all isolates took
approximately 3 to 5 days before there were visible, smooth,
butyrous colonies, while KBS 89 took approximately 14 to 16
days to form visible colonies. All strains achieved maximal
growth rates in complex medium, such as R2B, at room tem-
perature (ca. 23°C) with a doubling time between 10 and 15 h.

Cells of all strains were short, plump, gram-negative, non-
motile rods measuring 1 pm by 0.6 pm when grown on R2A
medium (Fig. 3). Cells possessed slightly convoluted outer
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TABLE 1. Phenotypic characteristics of Terriglobus
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and Acidobacteriaceae strains and A. capsulatum

Terriglobus strain
Characteristic

Acidobacteriaceae strain

A. capsulatum®

KBS 63” TAA 43¢ KBS 89 TAA 166
Origin Soil Termite hindgut Soil Termite hindgut Acidic mine drainage
Cell shape” Rod Rod Rod Rod Rod
Length (pm) 1.1+0.2 1.2+0.2 ca. 1 1.1+03 1.1-2.3
Width (pum) 0.6 = 0.1 0.6 = 0.1 ca. 0.5 0.6 = 0.0 0.3-0.8
Pigment Pink White White White Orange
7s copy no. 2 1 1 1 1
G+C content (mol %)° 59.8 = 0.5 58.1 = 0.04 59.7*+ 1.8 547 0.7 60.8
Catalase + + - + +
Oxidase - - - - -
Motility - - - - +
pH range (optimum) 5-7(6) 5-6.5(5) ND' 5-7(6) 3-6
Growth at 4°C - - - - ND/
Growth at 12°C + + + + ND
Growth at 23°C + + + + ND
Growth at 37°C - - - - +
Differences in carbon utilization
D-Ribose - - + — ND
D-Sorbitol - - + - ND
Purine and pyrimidine mix® - + - - ND

¢ Characteristics are as described from a previous study (33). The G+C content determined in the present study is 62.7 £ 0.1.

" Data are identical for strains KBS 62, KBS 63, KBS 68, and KBS 112.
¢ Data are identical for strains TAA 43 and TAA 48.

 Cell length and width were determined from a culture in mid-log phase on R2B medium.
¢ The mole percent G+C content was determined only for strains KBS 63, TAA 43, KBS 89, and TAA 166.

/ND, not determined.

¢ The mix of adenine, guanine, thymine, cytosine, and uracil had a final concentration of 10 pg/ml each.

membranes when viewed by transmission electron microscopy,
as is typical of a gram-negative-type cell wall. All strains pro-
duced an extracellular matrix of as yet unknown chemical com-
position but which apparently caused cells to stick together
tightly (Fig. 3f) in colonies and form visible clumps in liquid
culture, qualitatively to the same extent under microoxic and
oxic conditions. The formation of such extracellular material in
soils may serve as a form of protection from predation or as a
web to trap water or nutrients (57) and may be involved in the
formation of soil aggregates.

Four strains (KBS 62, 63, 68, and 112) were pink, owing to
the presence of a pigment(s), whose solvent extractability and
absorption spectrum were typical of carotenoids. The pigmen-
tation was more pronounced in cells grown under 20% O, than
under 2% O, (Fig. 4). The ratio of the absorbance maxima of
the two dominant peaks in acetone:methanol (4,45 and As,g)
were nearly identical, 1.2 = 0.0 and 1.3 * 0.1, respectively,
suggesting that the same carotenoid(s) was produced under
each oxygen regime. The visible absorption spectrum of strain
KBS 63 pigment(s) in chloroform had maxima at 473, 505, and
539 nm, which are most similar to those of spirilloxanthin (475,
505, and 543 nm) (7).

Carotenoids are naturally occurring accessory pigments that
typically absorb visible light maximally between 450 and 550
nm (48) and are known to play roles in light-harvesting for
photosynthesis and protection from photooxidative damage
(6), including the quenching of singlet oxygen (11). Carot-
enoids are found not only in phototrophic bacteria but also in
numerous, phylogenetically diverse genera of heterotrophic
soil bacteria, including Streptomyces, Myxococcus, Flavobacte-
rium, and Erwinia (2). Carotenoid synthesis has long been
known to be regulated by two key environmental factors, oxy-

gen and light (2). While light had no measurable influence on
the carotenoid(s) content of the Terriglobus strains, the con-
centration of carotenoid(s) in 7. roseus increased in response
to oxygen. We suggest that increased production of carot-
enoid(s) under 20% oxygen compared to 2% oxygen concen-
tration represents a response to oxidative stress. The potential
antioxidant property of carotenoids is well known: B-carotene
is effective in quenching singlet oxygen (11), and the addition
of carotenoid genes to E. coli inhibits peroxidation (1). Carot-
enoids can influence the growth rate and survival of hetero-
trophic bacteria (52), presumably through the inactivation of
reactive oxygen species generated during respiration. Differ-
ential expression of carotenoids might also be advantageous in
the soil environment, where oxygen gradients change in re-
sponse to soil moisture and depth. Higher concentrations of
oxygen occur in the upper layers of soil that are also subject to
more intense solar radiation, where carotenoids would provide
protection against the damaging effects of UV radiation.

The frequency of acidobacteria detection was notably higher
in the presence of catalase (Fig. 2B), suggesting that acidobac-
teria are sensitive to damage by reactive oxygen species. All
strains, except for KBS 89, tested positive for the presence of
catalase (Table 1), and some strains produced a carotenoid(s)
which was preferentially expressed under higher oxygen con-
centrations (Fig. 4). It would be beneficial for a soil microor-
ganism to have mechanisms to deal with the damaging effects
of reactive oxygen species, since there are oxygen gradients in
the three-dimensional soil structure that change with soil mois-
ture and in response to the metabolism of nearby microbes.

Physiological properties of strains. Physiological properties
of all strains are listed in Table 1. The growth rates of strains
grown in VSM-5 (KBS 89) or VSM-6 (all others) were highest
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(p =~ 0.15) at room temperature under air. Growth was ob-
served over a pH range of 4.5 to 7.0, with optima between pH
5 and 6. Mildly acidic pH optima are not surprising, given that
soils are slightly acidic due to the presence of humic sub-
stances, which make up 70 to 80% of the soil organic matter
(24). Sait et al. recently suggested that pH influences the iso-
lation and distribution of subdivision 1 acidobacteria in soil,
with subdivision 1 acidobacteria forming colonies more fre-
quently in medium at pH 5.5 than at pH 7.0 after a 4-month
incubation (60). Furthermore, the results of our molecular-
based survey reveals that subdivision 1 acidobacteria are found
in a higher abundance in mildly acidic to acidic soil environ-
ments (Fig. 1A). Taken together, these results suggest that
members of subdivision 1 of the Acidobacteria have a prefer-
ence for mildly acidic pH conditions, which is consistent with
their ubiquitous distribution in soil.

We examined the effect of CO, on the growth of isolated
strains to explore the greater frequency at which acidobacteria
formed colonies on plates incubated under 5% CO, (Fig. 2B).
There was no significant difference in growth rate of strains
KBS 63, TAA 43, and TAA 166 incubated under an atmo-
sphere of air (ca. 0.05% CO,, vol/vol) or 5% CO, (balance, air)
(P value of 0.83, 0.98, and 1.0, respectively). Therefore, the
increased frequency of appearance of acidobacteria on plates
incubated under 5% CO, appears to be the result of mild
acidification of the isolation medium, as originally suggested
(70). The degree of acidification that can occur on plates of
medium without added bicarbonate and incubated under ele-
vated levels of carbon dioxide (pH ca. 6.5) is consistent with
the optimal pH of the strains (Table 1).

The relatively slow growth rate of the Acidobacteria strains is
consistent with the presence of one (strains TAA 43, 48, 166,
and KBS 89) or two (strains KBS 62, 63, 68, and 112) genes
coding for the 16S rRNA (Fig. 5). Previous studies have indi-
cated that the number of rRNA operons correlates with the
rate at which bacteria respond to resource availability and with
how efficiently those resources are utilized (35, 71).

The metabolism and growth of bacteria in soil environments
are frequently limited by carbon availability but are subject to
periodic fluctuations in resources resulting from events includ-
ing rains or spring snow melt (74). Populations of Acidobacteria
are more abundant in soil environments where resource avail-
ability is low (19); these bacteria can be described as oligotro-
phic bacteria because of this distribution in soil, their relatively
slow growth rate, and the possession of either one or two
copies of the 16S rRNA-encoding gene (a genomic marker of
oligotrophic bacteria) (35). Although the acidobacteria char-
acterized in this study do not fit the definition of an obligate
oligotroph, because they are capable of growth on rich me-
dium, they do fit into the broader notion of oligotrophs as
organisms adapted to low-nutrient environments (37).

All strains were able to grow in a 2% oxygen atmosphere as
well as atmospheric concentrations of oxygen, with or without
elevated levels of carbon dioxide, but they could not grow
anaerobically with nitrate, iron [Fe(IIT)], or AQDS as an ex-
ternal electron acceptor, nor could they grow by fermentation
of glucose, lysine, or ornithine (Table 1). Growth under low
levels of oxygen would be advantageous in soil, since oxygen is
depleted in the soil environment, particularly in soil aggre-
gates, as soil moisture increases (5, 55, 74).
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FIG. 5. Southern hybridization of digested genomic DNA from
strains KBS 63, KBS 62, KBS 68, KBS 112, TAA 48, TAA 43, KBS 89,
and TAA 166 and A. capsulatum A. cap). In panel A, isolates were cut
with EcoRV (lanes 2, 4, and 6), Smal (lane 3, 5, 7, and 9), and Rsal
(lane 8). In panel B, isolates were cut with Smal (lanes 2, 4, 6, 8, and
10) and Apal (lanes 3, 5, 7, 9, and 11). The lambda DNA HindIII
marker (lanes 1 and 10 in panel A and lanes 1 and 12 in panel B)
provided size estimates.

There were nominal differences in profiles of carbon utili-
zation: all strains were able to oxidize D-glucose, D-fructose,
D-galactose, D-mannose, D-xylose, b-arabinose, sucrose, b-malt-
ose, D-raffinose, D-cellobiose, sodium succinate, b-glucuronate,
and D-gluconic acid; however, they were not able to oxidize
p-mannitol, methyl cellulose, carboxymethyl cellulose, sodium
acetate, sodium pyruvate, sodium formate, maleic acid, the
organic acid mix, D-galacturonate, monomeric constituents of
lignins, or humic acids. Only two differences in the carbon
utilization pattern were noticed; strain KBS 89 was able to
oxidize ribose and sorbitol while strains TAA 43 and TAA 48
were the only strains capable of oxidizing the mixture of pu-
rines and pyrimidines (Table 1).

The whole-cell fatty acid compositions of the newly isolated
strains and A. capsulatum are listed in Table 2. The dominant
fatty acids for the new strains are 15:0 iso (36.33 to 47.09%)
and 16:1 w7¢/15 iso 2-OH (summed feature 3) (26.18 to
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TABLE 2. Whole-cell fatty acid composition of Terriglobus and Acidobacteriaceae strains and A. capsulatum®

Whole-cell fatty acid composition (%)

Fatty acid type Terriglobus strain

Acidobacteriaceae strain

A. capsulatum

KBS 63 TAA 43 KBS 89 TAA 166
Saturated
14:0 342 4.25 1.16 3.68 1.58
15:0 0.64 0.74 0.00 0.60 0.57
16:0 7.77 9.14 7.33 8.71 4.29
16:0 N alcohol 0.52 3.54 0.50 5.01 4.61
17:0 0.70 0.00 0.93 0.00 1.85
18:0 0.38 0.68 0.75 0.59 2.34
20:0 0.76 0.00 4.07 0.00 0.00
Unsaturated
14:1 w5c 1.07 0.67 1.00 0.57 0.00
15:1 wbc 0.83 0.92 0.43 0.71 0.00
16:1 w5c 0.43 0.00 0.00 0.56 0.00
17:1 o8¢ 0.00 0.00 0.00 0.00 3.97
18:1 w9c 0.00 0.00 0.00 0.00 21.21
18:1 w7c 0.00 0.84 0.00 1.27 0.45
18:1 w5c¢ 1.05 0.00 0.00 0.00 2.24
19:0 cyclo w8c 0.00 0.00 0.00 1.10 0.00
20:2 w6,9¢ 0.67 0.00 0.00 0.00 0.00
Methyl-branched
13:0 iso 4.02 0.00 4.12 0.00 0.00
15:0 iso 43.88 36.33 47.09 37.06 40.28
15:0 anteiso 0.48 0.70 0.00 1.03 0.00
16:0 iso 0.00 0.00 0.00 0.58 0.00
iso 17:1 w9c¢ 0.00 0.00 1.25 0.00 0.90
iso 17:1 w5c¢ 4.24 7.27 2.33 0.00 7.40
17:0 iso 0.53 0.79 1.60 0.78 2.15
17:0 anteiso 0.27 0.60 0.00 0.74 0.49
19:0 anteiso 0.00 1.82 0.00 0.00 0.00
Hydroxy
15:0 iso 3-OH 0.00 0.00 0.58 0.00 0.00
17:0 iso 3-OH 0.00 0.00 0.00 0.00 0.77
Summed feature
15:1 iso H/13:0 3-OH 0.59 0.00 0.36 0.00 0.32
16:1 »7¢/15 iso 2-OH 27.08 30.24 26.18 26.99 4.30
17:1 iso i/anteiso-b 0.00 0.00 0.00 8.07 0.00
18:2 06,9¢/18:0 anteiso 0.64 1.47 0.31 1.96 0.00
Unknown 11.799 0.00 0.00 0.00 0.00 0.28

“ Strains were grown in glucose-yeast extract medium. The most abundant fatty acids that distinguish the Terriglobus strains from A. capsulatum are shown in boldface.

30.24%). These results were compared to the Microbial ID
database but did not correspond to any known species. A.
capsulatum was submitted as a source of comparison, and its
dominant fatty acids were 15:0 iso (40.28%) and 18:1 w9c
(21.21%).

Six of the strains (KBS 62, KBS 63, KBS 68, KBS 112, TAA
43, and TAA 48) are sufficiently similar to one another but
distinct from previously isolated acidobacteria (Fig. 6) to war-
rant creation of a new genus. The similarity of the 16S rRNA
gene sequences within these six strains is 96% and, on average,
only 92% similar to A. capsulatum. Moreover, unlike 4. cap-
sulatum, these new strains do not require extremely low pH
conditions (pH 3.0 to 6.0), they cannot grow at 37°C, and they
contain 16:1 w7¢/15:0 iso 2-OH as a dominant fatty acid and
not 18:1 w9c, which is dominant in A capsulatum (Table 2).
Hence, we propose that these six strains be regarded as mem-

bers of a new genus, Terriglobus, with KBS 63 as the type strain
of the new species, 7. roseus, which also includes the other
pink-pigmented strains (KBS 62, KBS 68, and KBS 112). The
nomenclature and description of the genus and species are
given below. We are postponing application of specific epithets
to strains TAA 43 and TAA 48 until further characterization is
done for species identification. Although the characteristics of
strains KBS 89 and TAA 166 are consistent with the descrip-
tion of Terriglobus, there is insufficient metabolic information
currently available about the previously isolated and closely
related strains Ellin 351 and Ellin 337 (61) to include all four
strains in the genus Terriglobus at this time.

Description of Terriglobus gen. nov. Terriglobus gen. nov.
(Ter - 1i - glo’ bus. L. fem n. terra, earth; L. masc. n. globus ball,
clump; N.L. masc. n. Terriglobus clump of earth) literally trans-
lated as “clump of earth” in the phylum Acidobacteria. Gram-



2716 EICHORST ET AL.
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Ellin5225 (AY234576)
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FIG. 6. Maximum-likelihood tree of the Acidobacteria subdivisions
1,3, 4, 5, and 6 (indicated to the right of the group) based on the 16S
rRNA gene using sequences obtained from cultivated representatives
and environmental clones. G. fermentans and H. foetida of subdivision
8 were used as outgroups (not shown). Strains from this study are in
bold font. Each gray trapezoid represents a different subdivision with
approximately eight representative sequences. Internal nodes sup-
ported by a bootstrap value of >95% are indicated with a filled circle,
and those supported by a bootstrap value of >75% are indicated with
an open circle. The scale bar indicates 0.10 changes per nucleotide.

negative, short, plump, rods (ca. 1 pm X 0.6 wm) when grown in
R2B medium. Moderate acidophiles (pH range for growth is 5.0
to 7.0, optimal for KBS 63 is 6.0 and for TAA 43 is 5.0). Produce
an extracellular matrix which apparently facilitates cell floculation
in liquid medium incubated under an atmosphere containing ei-
ther 2% or 20% molecular oxygen. G+C content ca. 59 mol%
(Table 1); 15:0 iso and 16:1 w7¢/15:0 iso 2-OH as dominant fatty
acids (Table 2). Members of the phylum Acidobacteria, subdivi-
sion 1. The type species is Terriglobus roseus.

Description of Terriglobus roseus sp. nov. Terriglobus roseus
sp. nov. (ro’ se - us. L. masc. adj. roseus rose-colored, pink), “a
pink Terriglobus” (type strain KBS 63). Pink-pigmented colo-
nies due to the presence of carotenoids; catalase positive; ox-
idase negative; and two copies of the rrs. Isolated from soils in
a never-tilled, successional plant community at the KBS
LTER. The type strain KBS 63 was deposited into the USDA
Agricultural Research Service Culture Collection (NRRL
B-41598") and Deutsche Sammlung von Mikroorganismen
und Zellkulturen GmbH (DSM 18391).
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